Summary Nonstructural carbohydrates (NSCs) are commonly used to assess the balance of carbon sources and sinks in plants. A notable application of this approach has been tests of hypotheses on carbon limitations of trees at their upper altitudinal limits, near the alpine. How NSCs vary in time is not well known in conifers during their critical seedling stage, despite the importance of knowing the temporal variations of NSCs to use snapshot measurements of NSCs to assess carbon balance. We measured NSCs in needles, separately as soluble sugars and starch; (1) over diurnal periods in seedlings of Pseudotsuga menziesii (Mirb.) Franco (a timberline species that does not occur up to treeline), (2) throughout the growth season in the seedlings of P. menziesii and Abies lasiocarpa (Hook.) Nutt. (a species that does occur up to treeline) growing along an elevation gradient in the timberline ecotone and furthermore (3) compared seedlings and co-occurring adults to assess variation with developmental stage. We also compared NSCs in seedlings grown under field or laboratory conditions to separate environmental from intrinsic factors affecting NSCs during early emergence. Diurnal variations in NSCs were minimal, especially when compared to seasonal variation, and were detectable mainly in relatively small midday maxima of soluble sugar concentrations. Seasonal patterns of NSCs were generally (and surprisingly) similar among field and laboratory seedlings and adults. Seasonal patterns of NSCs were dominated by progressive increases in soluble sugars until winter, and by early-season peaks in starch. Nonetheless, notable differences were detectable among ages, species and environmental conditions in (1) the timing and extent of the early-season maxima of starch and (2) the extent of the late-season maxima of soluble sugars. These differences in NSCs likely correspond with ecophysiologically relevant differences in carbon balance that could affect growth and survival of trees growing in the timberline ecotone.
Introduction
Nonstructural carbohydrates (NSCs), the pools of fixed carbon intermediate to assimilation and utilization, are the major components of plant carbon balance (Chapin et al. 1990 , Le Roux et al. 2001 . Nonstructural carbohydrate concentrations are frequently used in ecophysiological studies to assess variation in carbon balance among plant populations, notably for trees growing in the timberline ecotone. Specifically, the observation of elevated NSCs in conifer trees at high elevations has been used as evidence of reduced carbon utilization by processes such as respiration and biosynthesis relative to carbon assimilation (sink-limitation hypothesis, Ko¨rner 1998 , Ko¨rner 2003 , Piper et al. 2006 , Shi et al. 2006 . Starch concentrations, a major constituent of the NSC pool, were also positively correlated with the ratio of photosynthesis to respiration in conifer seedlings at timberline (Bansal and Germino 2008) .
If NSC concentrations are strictly a passive response to source:sink, then they should change in time to reflect shifts in source:sink with daily gas exchange, development of leaves and respiratory tissues and changing conditions for photosynthesis and growth. Such transitions could be revealed as fluctuations in diurnal or seasonal means of NSCs. Source:sink may also vary among younger and older trees. For example, developing foliage on evergreen conifers is initially supported by photosynthate imported from preexisting needles from previous growth seasons, a benefit that newly germinated seedlings lack (Ursino et al. 1968 , Hansen and Beck 1994 , Luxmoore et al. 1995 , Wang and Zwiazek 1999 , Li et al. 2002 . Furthermore, microsite conditions for carbon uptake and use can be substantially different for small seedlings than for adults, due to greater temperature fluctuations near the soil surface and greater soil resource limitations (Geiger 1950) . These differences in carbon resources, requirements and growth conditions between seedlings and adults could cause a different balance of carbon source and sinks, and thus differences in NSC patterns over time. On the other hand, differences in NSC among young and older trees might reflect intrinsic ontogenetic differences that occur irrespective of differences in growth conditions.
Seedling recruitment is a key component of forest population dynamics (Botkin 1993) , especially at forest boundaries such as the timberline ecotone where seedling establishment is a demographic bottleneck (Stevens and Fox 1991 , Cuevas 2000 , Germino et al. 2002 , Smith et al. 2003 , Maher et al. 2005 , Maher and Germino 2006 . Few studies have examined the temporal variation or stability of NSCs in first-year seedlings, or compared species whose distributions do and do not extend up to the alpine-treeline boundary, even though differences may reveal fundamental problems for seedling carbon balance in the timberline ecotone. Specifically, the effects of high-elevation conditions on carbon sources and sinks (and corresponding NSCs) may affect seedling growth, and ultimately survival and establishment.
Our objective was to determine how NSCs varied in time for conifers of different developmental stages, species and environmental conditions and to determine how and when variation in carbon balance is most apparent among and within the populations of trees. We measured NSCs over diurnal periods in whole crowns of newly germinated seedlings of Pseudotsuga menziesii to evaluate if diurnal variation of NSCs would occur, such as in response to instantaneous net photosynthesis. We also compared seasonal variation of needle NSCs in first-year seedlings and co-occurring adults of P. menziesii and Abies lasiocarpa growing along an elevation gradient to assess (1) when species differences in NSCs are most apparent during the growth season and (2) how NSCs vary with developmental stage and elevation. We predicted that there would be differences among treatments in the extent and timing of starch accumulation before budburst and end-season soluble sugar accumulation. Moreover, A. lasiocarpa has a higher altitudinal distribution compared to P. menziesii, and may exhibit different fluctuations in NSCs throughout the season. Finally, we compared NSCs in laboratory and field seedlings to separate ontogenetic from environmental effects of carbon allocation to NSCs during emergence of P. menziesii seedlings.
Materials and methods

Study site and species
The area of the field study was located on the west slope of Fred's Mountain in the Teton Range of the Rocky Mountains, USA (43°47.26 0 N and 110°57.52 0 W). In 2005, we established four sites located at 2200, 2450, 2700 and 3000 m. In 2006, we added two additional sites at 2600 and 2865 m. Our lowest site (2200 m) was near the upper edge of closed-canopy forest. Above 2450 m elevation, trees became progressively sparser and primarily occurred in islands to 3000 m, the upper 'cool edge' of the timberline zone, where our upper site was located. Mean annual snowfall at 2750 m is $ 1300 cm, resulting in a snow depth of 400 cm by spring. Our highest site (3000 m) typically has 3-4 months without permanent snow cover, compared with 6-7 snow-free months at our lowest site (2200 m). Both P. menziesii and A. lasiocarpa are co-dominant species of the forests in the Rocky Mountains. Abies lasiocarpa occurs in the Tetons at elevations from the valley floor (1800 m) up to alpine-treeline, near 3100 m, whereas P. menziesii typically does not occur above 2700 m (300 m below our upper site).
Seed source, propagation of seedlings and plot layout
The seeds of P. menziesii were obtained from US Forest Service collections made at 2125 and 2425 m in the same genetic and geographic seed zone as the study area. The seeds of A. lasiocarpa were collected at $ 3000 m from San Isabel National Forest, about 3°latitude south in the Rocky Mountains of Colorado, USA (Dean Swift Seed Co., Jaroso, CO, USA). Seed sources of both species were from $ 500 m below treeline elevation at their respective origins. Provenance studies with conifers indicate that the effects from altitude and latitude of seed source would be minimal for our response variables. For example, total NSCs, starch and soluble sugars were unrelated to altitude or temperature of seed origin in common gardens of Picea abies (L.) Karst. (Oleksyn et al. 1998) . Seed masses were similar between the two species (70-80 seeds g À1 ).
In 2005, the seeds of P. menziesii were germinated in Styrofoam blocks (Beaver Plastics Styroblock TM Containers, 5.7 cm diameter, 15.2 cm depth, Acheson, Alberta, Canada) in a sterile, generic potting soil having an even blend of humus, sand and mineral soil. In 2006, the seeds of P. menziesii and A. lasiocarpa were germinated in plastic 'conetainers' (Ray Leach Cells TM , 3.8 cm diameter, 21 cm depth, Eugene, OR, USA) in a commercial conifer potting mix (Pro-mix, Wilbur Ellis, San Francisco, CA, USA) that was mycorrhizae-free, sterilized and had peat moss, bark, dolomite limestone and other small quantities of organic and mineral conditioners. Sterile soils were chosen because newly germinating seedlings of a variety of conifer species, including A. lasiocarpa, rarely become infected with mycorrhizae or other root symbionts during their first few months of growth Bansal and Germino 2008) . Seedlings were watered to promote survival following outplanting. Volumetric water content of soils was measured with handheld sensors in seedling root zones and in surrounding natural soils to allow supplemental watering adjustments to match the seasonal pattern of soil drying (12 cm probe, frequencydomain reflectometer, Hydrosense, Logan, UT, USA).
In 2005, we established six plots with at least 20 seedlings each of P. menziesii at the four elevations, totaling 480 seedlings. Plots were positioned randomly, at least 5 m apart, within a 0.25 ha area having flat topography and representative herb cover and soils. Plots were $ 0.25 · 0.5 m in size, with $ 70% canopy openness. The extent of canopy openness for each plot, defined as the percent of the upper hemisphere comprised of open sky, was quantified using hemispherical photography and Gap Light Analyzer software (Canham 1988 , Maher et al. 2005 . In 2006, we established 10 plots with four seedlings each of both P. menziesii and A. lasiocarpa each at the six elevations, totaling 480 seedlings. These plots established in 2006 were positioned at random distances along five 30 m transects (two plots/ transect) at each elevation, and were $ 1 · 2 m with $ 60% canopy openness.
Temporal variation
Diurnal variation Whole crowns of the seedlings of P. menziesii were harvested during two sampling events (15, 16 and 21 August 2005 and 14-16 September 2005) for diurnal measurements of NSCs. During each of the sampling events, we continually moved among the four elevation sites to collect an even distribution of tissue samples from sunrise to sunset (600-2130 h). At each visit to a site, we randomly selected and harvested three to six seedlings. We collected a total of 140 and 160 seedlings by the end of mid-August and mid-September sampling events, respectively.
Seasonal variation, in field seedlings and adults Whole crowns of seedlings and previous-year (2005) needles of mature adult were continually harvested during the 2006 growth season for seasonal measurements of NSCs. For both age classes, sampling events were on the day of outplanting, and then 10 days after outplanting and repeated about every third week until winter snowpack began accumulating in October. For adults, there were two additional sampling events on 19 May (P. menziesii only) and 4 June 2006 (both P. menziesii and A. lasiocarpa). All sampling events occurred on clear-sky conditions. During sampling events, we randomly selected six of the 10 plots at each elevation, and then one seedling per species per plot was randomly selected for harvest. Whole crowns of seedlings were harvested, which comprised cotyledons and primary needles from the current growth season. Also during sampling events, we collected needles on adults of P. menziesii at 2200, 2450 and 2600 m, and on adults of A. lasiocarpa at 2450, 2700 and 3000 m in the same general area (within 50 m), intermingled among the seedling plots. Previousyear needles were collected as a representative of the crowns of adults. Previous-year needles on evergreen conifers have comparable values of various physiological traits among different-aged needles, including photosynthetic rates (Kajimoto 1990 , Warren 2006 , specific leaf area (e.g., 4.3, 4.05 and 3.9 m 2 kg À1 of current, 1-year and 2-year-old needles, respectively, of Abies balsamea, Gilmore and Zenner 2005) , and NSCs (e.g., 5.7%, 6.7% and 6.5% starch in current, 1-year and 2-year-old needles, respectively, of Pinus cembra L. in September, Li et al. 2001) . Moreover, new foliage on adults had not emerged during our first two sampling events. Shoots were collected from south-facing branches at 1-2 m height that received direct sunlight for at least part of the day. Total daily solar radiation appeared similar between our seedlings and their co-located adults.
Ontogenetic variation during seedling emergence Seeds on P. menziesii were germinated under laboratory conditions at Idaho State University in a method similar to Castro et al. (2008) for measurements of NSCs during the first 4 weeks of development. Seeds were imbibed on filter paper that was moistened with filtered tap water. Filter paper was sandwiched between two plastic plates and placed vertically in a bowl of filtered tap water to keep paper wet via capillary action. Germination occurred under ambient indoor lighting (60 W incandescent lighting) and photoperiods ($ 16 h of light and 8 h of dark) and at room temperature ($ 21°C). Five or six seeds/seedling crowns were collected off the filter paper for NSC analyses on days after imbibition (DAIs) 0 (seed), 10 (immediately after visible radicle protrusion), 16 (cotyledon protrusion), 22 (cotyledon completely emerged and immediately after seed coat was discarded) and 28 (fully expanded cotyledons).
Nonstructural carbohydrate analyses
Following the harvest of needle tissues, we immediately chilled them on ice, and then microwaved them for 30 s at 650 W within 2 h of collection to stop carbohydrate enzymatic reactions . We then dried the needles for 48 h at 75°C. Nonstructural carbohydrates are defined as starch plus soluble sugars (glucose, fructose and sucrose); our methods followed Hoch et al. (2002) . We ground the dried needle tissues to a fine powder and then weighed to ±0.1 mg. Dried powder was boiled in water to extract soluble sugars into aqueous solution and then enzymatically treated with invertase (to convert sucrose to glucose), phosphoisomerase (to convert fructose to glucose) and glucose hexokinase (to convert glucose to 6-phosphogluconate, Sigma Diagnostics, St. Louis, MO, USA). Oxidation of the soluble sugars to 6-phosphogluconate resulted in an equimolar reduction of NAD to NADH, increasing the absorbance of the solution at 340 nm (measured using a Synergy Microplate Reader, Biotek Instruments, Winooski, VT, USA) and was directly proportional to soluble sugar concentrations. The original solution was then additionally treated with a high activity fungal alpha-amylase ('Clarase G-Plus' from the fungus Aspergillus oryzae (Ahlb.), Genecore International, Rochester, NY, USA) for 20 h to metabolize starch to glucose. The solution was re-analyzed for total NSC (starch and soluble sugars) with the procedure as described previously. Starch was calculated as total NSC minus soluble sugars. Starch, sucrose, fructose and glucose standards were used on every 96-well microplate analysis. All carbohydrates measurements were normalized for needle mass, and additionally for needle areas for seedlings collected in 2006.
Data analysis
We used mixed model analysis of variances (ANOVAs) (PROC MIXED, SAS Version 9.1, SAS Institute, Cary, NC, USA) to test for significant time-of-day, plot, and elevation effects on the response variables of soluble sugar and starch concentrations, over diurnal periods starting at dawn and ending at dusk. There were no significant effects from plot on the response variables (P > 0.05), and therefore individual seedlings were considered the unit of replication, and plot was treated as a random factor. Time and elevation were treated as continuous, fixed variables. We used multiple regression models (PROC REG) to describe the form of the relationship between time (linear trends) and time 2 (curvilinear trends) to soluble sugar and starch concentrations over each diurnal period. Data from the two distinct sampling events (mid-August and mid-September 2005) were tested separately. Soluble sugar and starch concentrations were log 10 transformed (a nominal 1% was added to all concentrations to allow log 10 transformation of zero values) to meet the assumptions of normality (Shapiro-Wilk test) and homoscedasticity of error variance.
We used two factor ANOVAs (PROC MIXED) to determine significant effects of date-of-sampling over the growth season on NSC concentrations in seedlings and adults of both species (i.e., across all sampling events); however, our primary hypotheses focused on variation from age, species and elevation effects during specific periods during the growth season. Therefore, we used another two factor ANOVAs (PROC MIXED) to determine age, species and elevation effects on end-of-season soluble sugar and starch concentrations and on maximum starch concentrations during the growth season. Fixed factors included age class (seedling and adult), species identity (A. lasiocarpa and P. menziesii), and elevation (six sites for seedlings, three sites for adults) and plot was treated as a random factor. Elevation was treated as a continuous variable. Response variables were NSCs (total NSCs starch, or soluble sugar concentrations, % dry mass). Due to our outplanting design, the seedlings of both species spanned a larger elevation gradient than their conspecific adults; therefore the effects of age and age · species interactions on response variables were tested only using data from elevations at which both age classes were present (i.e., across 2200, 2450 and 2600 m for P. menziesii and across 2450, 2750 and 3000 m for A. lasiocarpa). Also, we did not conduct three-factor ANOVAs to test age · species · elevation interactions because there was only one elevation (2450 m) where both species and both age classes were present. Starch concentrations were log 10 transformed to meet the assumptions of normality (Shapiro-Wilk test) and homoscedasticity of error variance. All treatment effects were considered significant at the a = 0.05 level. The two P. menziesii seedlots did not differ in soluble sugar (P ! 0.26) or starch concentrations (P ! 0.73) throughout the experiment, and consequently data were pooled for statistical analyses.
Results
Diurnal variation of carbohydrate levels in field seedlings
We observed diurnal trends of soluble sugars and starch in our field seedlings on both the mid-August and mid-September sample events (Figure 1 ). Soluble sugar concentrations were not linearly related to time-of-day (P > 0.05), but instead peaked at midday, described by log 10 (Soluble sugars + 1) = 2.70 + 0.0003 (Time) À 9.4 · 10 À8 (Time   2   ) , with a maximum value at 1520 h (F 2,136 = 4.43, r 2 = 0.06 and P = 0.014) during the mid-August sampling event. For the mid-September sampling, the expression was log 10 (Soluble sugars + 1) = 2.78 + 0.0002 (Time) À 7.6 · 10 À8 (Time   2   ) , with a maximum value at 1650 h (F 2,160 = 12.69, r 2 = 0.13 and P < 0.0001). Starch concentrations did not follow a significant curvilinear trend (P > 0.05) like soluble sugars on either sampling event, but followed linear trends throughout the day (Figure 1 ), described by log 10 (Starch + 1) = 2.8 À 1.0 · 10 À4 (Time) (F 1,132 = 6.55, r 2 = 0.05 and P = 0.012) during the mid-August sampling event and log 10 (Starch + 1) = 2.3 + 4.4 · 10 À5 (Time) (F 1,160 = 13.37, r 2 = 0.07 and P = 0.0003) during the mid-September sampling event. The slopes of the diurnal trends of starch concentration were similar to the seasonal trend occurring during each respective sampling period (i.e., decreasing in August and increasing in September 2005, data not shown). Starch concentrations increased with elevation on the mid-August sampling date (F 1,137 = 46.48, r 2 = 0.25 and P < 0.0001).
Seasonal variation of carbohydrate levels in field seedlings and adults
Seasonal fluctuations of needle NSCs in both seedlings and adults explained most of the variation observed in total NSCs, starch and soluble sugars (Figure 2 ; all F-values ! 24.17 and P-values < 0.0001), with starch decreasing and sugars increasing with time. Seedlings and adults followed similar seasonal patterns in both starch and soluble sugar concentrations, during the later half of the growth season when seedlings were present (after the 3 August 2006 sampling event there were no significant date · age interaction; P > 0.05). Seedlings (in 2006) had similar patterns of NSCs when compared on a leaf mass or on an area basis (data not shown). For simplicity, only mass-based data for 2006 seedlings are treated in the text and statistics. Soluble sugar concentrations increased throughout the season in both seedlings and adults of A. lasiocarpa and P. menziesii, but were $ 37% greater at the end of the season in seedlings of both species (F 1,55 = 14.64 and P = 0.0003). End-of-season (i.e., on the final sampling event in October) sugar concentrations were greater in A. lasiocarpa compared to that in P. menziesii, in both age classes (for seedlings, F 1,47 = 4.02 and P = 0.050 and for adults, F 1,35 = 6.52 and P = 0.015). There were no significant elevation trends of soluble sugar concentrations for either species or age class at the end of the growth season (A. lasiocarpa seedlings: F 1,15 = 0.65 and P = 0.43; A. lasiocarpa adults: F 1,17 = 0.00 and P = 0.96; P. menziesii seedlings: F 1,29 = 2.00 and P = 0.17; P. menziesii adults: F 1,16 = 3.95 and P = 0.064).
Starch concentration in the seedlings of both A. lasiocarpa and P. menziesii reached a maximum by mid-August (40 days after germination), especially for P. menziesii compared to A. lasiocarpa (Figure 2 ; species effect, F 1,58 = 12.57 and P = 0.0008). Maximum starch concentrations increased with elevation, in the seedlings of both species (Figure 3 ; F 1,56 = 13.71, r 2 = 0.16 and P = 0.0005), due to low levels of starch at the lowest elevation for A. lasiocarpa and high levels of starch at the upper two elevations for P. menziesii. Starch concentrations of previous-year needles of adults of P. menziesii and A. lasiocarpa peaked $ 2 months earlier than seedlings, and the maxima were two to three times greater than seedlings and were similar between species (age effect, F 1,67 = 84.49 and P < 0.0001). Starch concentrations in needles of seedlings and adults diminished to < 2% by the end of the growth season, although the seedlings of both species maintained more starch than their conspecific adults (F 1,55 = 17.81 and P < 0.0001). There were no significant elevation trends of starch concentrations for either species or age class at the end of the season (A. lasiocarpa seedlings: F 1,15 = 0.39 and P = 0.54; A. lasiocarpa adults: F 1,17 = 0.01 and P = 0.93; P. menziesii seedlings: F 1,29 = 2.76 and P = 0.11; P. menziesii adults: F 1,15 = 2.97 and P = 0.11).
Ontogenetic variation of carbohydrate levels in laboratory seedlings
Soluble sugar concentrations were around 3.5 ± 0.4% in seeds of P. menziesii for the first 10 days following imbibition, under laboratory conditions (Figure 4 ). Sugar concentration then increased to a maximum of 11.7 ± 0.8% at $ 3 weeks after imbibition, after complete emergence of cotyledons and shedding of the seed coat (Figure 4) . Subsequently, sugar concentrations decreased. Starch concentrations increased from zero in seeds following imbibitions and reached maximum values 22 DAIs, and then decreased (Figure 4 ).
Discussion
Nonstructural carbohydrates are frequently used to assess variation in carbon balances among conifer populations, although variation in NSCs may only be partially attributable to the balance of carbon source:sink. We observed variation in NSCs that indicated their linkage to short-and long-term physiological processes, as well as intrinsic and environmentally induced controls over NSC levels.
Diurnal trends
The morning increase and subsequent afternoon decrease in soluble sugars (Figure 1 ) suggest a linkage to concurrent physiological processes such as net photosynthesis. However, these diurnal changes were proportionately small compared to their absolute concentrations, indicating that longer-term processes, such as cold acclimation for winter, were likely a greater determinant of the extent of carbon allocated to soluble sugars. The linear diurnal trends in starch concentrations during the middle and end of the growth season likely reflect daily contributions to seasonal trends. Moreover, small diurnal fluctuations in starch levels indicate that they are more functionally related to longerterm processes, even more so than soluble sugars. Our results of low diurnal variation in carbohydrates match those observed in other species of conifers (e.g., loblolly pine, Yang et al. 2002) , and contrast those observed in many herbaceous plants such as Hordeum vulgare L. cv OAC-2 1 (Sicher et al. 1984) , Glycine max [L.] Merr. (Kerr et al. 1985) and Arabidopsis (reviewed by Smith and Stitt 2007) . These fast-growing herbs remobilized almost all of their starch reserves that accumulated from the daily photosynthetic period during the subsequent dark period. In contrast, slow-growing conifers tend to accumulate reserves to tolerate stressful conditions, and therefore may have different mechanisms for controlling NSC levels over longer time-scales (Chapin et al. 1990 ).
Seasonal trends
The NSCs fluctuated over the second half of the growth season in a similar pattern among seedlings and adults of P. menziesii and A. lasiocarpa, with an early peak in starch concentration followed by a near-complete depletion by the end of the growth season, and a progressive increase in soluble sugars with a maximum in autumn, just before winter. These temporal patterns of needle NSCs have also been observed in other species of conifers growing under a range of temperate conditions (Chung and Barnes 1980 , Fischer and Ho¨ll 1991 , Kibe and Masuzawa 1992 , Webb and Kilpatrick 1993 , Oleksyn et al. 2000a , 2000b , Li et al. 2001 . The seasonal patterns of NSC appear intrinsic to all conifers despite differences in carbon resources and requirements, microclimate conditions or biogeographic distributions.
Even though the general temporal trends of NSCs are similar among our population of conifers, there were differences that could indicate variation in carbon balance. Specifically, maximum starch concentrations were much less in A. lasiocarpa (treeline species) compared to that in P. menziesii (nontreeline species) seedlings, which was likely related to intrinsic differences in needle development patterns between species in our particular montane conditions (Bansal and Germino 2008) . Moreover, P. menziesii (and not A. lasiocarpa) had especially high levels of starch concentration in seedlings growing at the upper edge of our elevation gradient near alpine-treeline (Figure 3 ), above the species natural range, possibly reflecting increased sensitivity to cool temperatures in the nontreeline species. Also, both seedlings and adults of A. lasiocarpa accumulated greater soluble sugar concentrations at the end of the growth season compared to P. menziesii, which may be a result of active control of NSC to confer greater cold hardiness at high elevations in the treeline species or may be a passive response from a shift in carbon source:sink.
Phenology appeared to be another source of variation that affected the timing and extent of temporal fluctuations of NSCs. Adults typically have many extra weeks for potential metabolic activity by the time seedlings normally germinate in the field (due to the seedlings being buried under snow cover). Consequently, our seedlings began their early-season increase in starch concentrations while the adults had already peaked and begun their depletion of needle starch concentrations (Figure 2 ). Starch concentrations in our seedlings only peaked to levels comparable to concurrent levels observed in their co-occurring adults. Comparable NSC levels between age classes suggest that some aspect(s) of the environment, such as photoperiod or temperature, may have been controlling NSCs in both age classes and species. Correlations between temperature and NSCs have been observed for both starch and soluble sugars in trees (Oleksyn et al. 2000b , Tjoelker et al. 2008 ).
Ontogenetic trends
Laboratory seedlings had similar general temporal trends in NSC concentrations as field seedlings during early emergence, with soluble sugars and starch initially increasing during the first few weeks of development from mobilization of lipids stored in seeds and from photosynthesis occurring early in seedling development (Sorensen and Ferrell 1973 , Krutovskii et al. 1997 , Stone and Gifford 1999 . However, soluble sugars decreased following the emergence of cotyledons in the laboratory (Day 22 after imbibition), while sugars in field seedlings continued to increase throughout the growth season. The continued increase in soluble sugars of field seedlings after Day 22, but not laboratory seedlings thus suggests environmental control, possibly from cooler temperatures or greater light intensity in the field. The average extent of starch accumulation was similar between field and laboratory seedlings; however, the maxima occurred nearly 2 weeks later in field seedlings compared with laboratory seedlings. The common peak-depletion trend in starch indicates ontogenetic control of this NSC pool during seed germination and seedling emergence, although environmental conditions appear to affect the timing of this seasonal pattern.
Considerations for the application of NSCs in comparative studies
The sensitivity of NSCs to changes in the carbon supply status of adult conifers has been demonstrated in numerous studies (e.g., CO 2 -enrichment and defoliation, Handa et al. 2005) . Nearly half (42%) of the variation in NSC levels, specifically starch, in conifer seedlings was related to a passive response to photosynthesis:respiration indicating that some of the variation (i.e., the other 58%) in NSCs could have been actively controlled (Bansal and Germino 2008) . In this study, NSCs appeared to be a function of both short-and long-term physiological processes, which in turn were determined by a combination of environmental and intrinsic mechanisms, thereby making temporal fluctuations of NSCs a highly integrative trait. These considerations contrast the perspective implied by many studies that exclusively use NSCs to evaluate and compare carbon source: sink among populations (e.g., the sink-limitation hypothesis, Ko¨rner 1998). The weak diurnal oscillation of both starch and soluble sugars that we observed suggest an uncoupling of NSCs to immediate source and sink activity in conifers. In contrast, the strong seasonal trends in NSCs indicate that longer-term processes dictate the extent of carbon allocated to these intermediate pools of carbon in conifers. Consequently, the application of NSCs to compare carbon balance among conifers should take into consideration the timing-of-sampling during the season, but time-of-day is less of a concern. Specifically, late-season comparisons of soluble sugars in needles among highelevation populations of conifers may be most appropriate to assess environmental effects on carbon allocation for winter survival (e.g., cold-acclimation and carbon reserve formation, Ö gren et al. 1997 , Janusz et al. 2001 , Tolsma et al. 2007 ). End-season carbohydrate concentrations were also stable compared to early-season (especially for starch). Therefore, end-season NSCs may be more suitable for comparisons of carbon limitations (or oversupplies) among conifer populations, especially for established adults . In contrast, the timing and extent of the early-season peak in starch concentration of needles may provide important information regarding environmental effects on needle development, especially because early-season needle expansion may have a large effect on final leaf area and corresponding carbon gain and growth (Cookson et al. 2005, Bansal and Germino 2008) . Assessments of the timing and extent of the early-season peak may require many repeated measurements on trees to account for later phenological development at higher elevations. Our seedlings were protected from the phenological bias because they were outplanted simultaneously at all the elevations after snowmelt.
Traits that can be readily measured and can provide information on carbon balance or growth strategies (e.g., specific leaf area and chlorophyll fluorescence) are indispensable to ecophysiological studies. NSCs are one such trait, although it is apparent that the interpretations of NSCs as they relate to carbon balance are still under consideration. Our results indicate that seasonal trends in NSCs are the major inducers of variation in NSCs, yet the subtle variation at specific times may relate to differences in carbon balance. However, given that NSC concentrations are also likely related to stress acclimation, ontogeny, and phenology, it is problematic to assume that subtle increases in NSCs are due to a carbon surplus, as implied by the sink-limitation hypothesis. More tests relating NSCs to physiology, growth and survival are necessary to assess the ecological importance of NSCs to trees at timberline.
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